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Abstract

Vapor transport of CdS in a closed ampoule due to a
temperature gradient was investigated. Comparisons between the
theoretical and experimental growth rate for the following
conditions were discussed: (1) with and without the presences of
Ar vapor, (2) convective contribution to the growth rate in the
vertical stabilized and horizontal configurations, and (3) the
effect of starting material composition on the growth rate. It
was found that Cd reacts with fused silica ampoule and causes the

contamination of CdS sample.



L. INTRODUCTION

Crystal growth by vapor transport has been investigated for
many years because it allows the high melting compound
semiconductors to be grown at a lower temperature. The diffusive
and convective vapor transport in a closed system of GeSe—GeI4
has been analyzed by Wiedemeier et al. [1-2]. In this paper, the
transport rate of CdS in a closed ampoule has been analyzed for
the vertical stabilized and horizontal configurations. The
affect of the presence of an inert gas is also discussed. The
theory of transport kinetics will be given in section 2. The
experimental procedures will be described in section 3. Finally,
comparison between the theoretical and experimental results and
some discussion will e presented in section 4 and 5,

respectively.

2. THEORY

The crystal growth process of transferring vapor species
£rom source to crystal can be divided into three steps:
(1) the sublimation of species £from source to the vapor
phase
(2) the transport of species through the vapor phase
(3) the condensation of vapor species on the crystal
surface.
We can consider crystal growth as these three processes /J4Z£}Z
occurring in series. Thus it is the slowest of the processes
determines the growth rate. In general, the transport of species

through the vapor phase, or step (2), is much slower than the



reactions occurring at the solid-vapor interface. Therefore,
throughout this paper, we will only consider the kinetics of step
(2) and assume that equilibrium is always established between the

solid phase and the vapor immediately adjacent to it.

The mass transfer in a multi-component gas mixture is given

by the equation of flux of the general forms

J; = -D; grad N, + UN, (1)

where J; is the f£lux of species i with concentration N;, D is

i
the corresponding diffusion coefficient. The first tesrm is the
diffusive contribution to the flux. U is a flow velocity which
acts on the gas as a whole, or Stefan flow, and is the result of
the change in volumes or pressures during the sublimation and
condensation reactions. In the presence of a gravitational

field, the contribution of a convective motion should bve included

in the flow velocity U in the second term.

2.1 Diffusive transport without the presence of an inert gas
For a II-VI compound AB, the predominant vapor species are

usually A and 3,. The vapor species of S have various forms of

S, molecule with n from 1 to 8. However, in the temperature of

interest, greater than 800°C, S, is the predominant species

[3]. We will assume that the vapor shase consists of aA(g) and
B~(g) species and they nhehave ideally. Then for an ampoule as
shown in Fig. 1, with the source surface at x = 1L and T = T(1l)

and the crystal surface at x = 0 and T = T(0), eq. (1) becomes:
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Adding eq. (2) and (3) and noting that total pressure, Pp = Pp +

PBz' is constant, we have

UPp
JA""IBZ’RT' . (4)

The growth rate of AB(s) compound is

3 = Jy = 2y, (5)

Substituting J into eq. (4) and eliminating U in terms of J in

eg. (2) and (3), we have

T =J = - .D_ d_P_;i + .3. -Ji{\. (6)
A RT dx 2 PT
- dPBz 3JP32
J = ZJBZ = - 2F —Ix% + PT . (7)

Assuming D is independent of the vapor composition and D and
T are constant within the small temperature range of T(0) and
T(l), we can integrate egs. (6) and (7) from x = 0 to 1.

2P 2p JRT

2,(x) = == = (p (1) - —fz) exp [% 5% (x = 1)] (8)

P'!' PT 3 JRTa
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where the average temperature, T,, is approximated by

L T(0) + T(1)
Ta 3 . (10)

The transport rate, J, can be obtained from either eq. (8)

or (9):

P

2P T
- T j=J (1) = =

2 DPT PA(I) -1 2 DPT BZ 3

J = L e 1n } = ST 1n }- (ll)

3 RT_I 2P 3 RT_I 3
2 P,(0) - —& P (0) - =%

A 3 BZ 3

The partial pressures of A and 3,5, P, and PBZ, for a narrow
homogéneity range compound can vary over several orders of
magnitude from A-saturated to 3-saturated condition. However,
the Gibbs energy of formation for the gas phase is, almost
independent of the deviation from stoicﬁiometry, a function of
temperature only. A least square fit to the CdS data between 529
and 789°C determined by Goldfinger et al. (4] gives:

Loglo (Péd P, ) = =-34492.1/T + 20.9322 (12)

&P
where P is in atm and 7T in K.

A guantity a(l), Adefined as ?Cd(l)/?sz(l) (5], measuring the
deviation of stoichiometry for the source material, is used to
calculate Po4(1), Psz(l), Pog(0), and ?SZ(O). Firse, Pcd(l) and
Psz(l) can he obtained from T(l), a{l), and eq. (12), then P-5(0)
and PSZ(O) are calculated from T(0), eq. (12) and Pp = Pog(l) +
Psz(l) = Pogqf0) + 952(0). Finally, the growth rate J is

calculated by eq. (1ll) after a reasonable estimate of D.



2.2 Diffusive transport in the presence of an inert gas

The vapor species in the ampoule are A, B4, and Z, where 2Z
is the inert species. The flux equations for A and B, are
similar to egqs. (2) and (3). Since there is no mass transfer for

Z, the net flux of the inert gas species is zero,

sz u

Iz "®ma T "0 (13)

Q

Eg. (13) shows that the flux due -0 a constant €low velocity U
from the source to the crystal is balanced by a diffusive f£flux
resulting from a concentration gradient.

Following the same procedure as described in 2.1, we have
the same equations as eq. (8), (9), and (l11) for the pressure

profiles and growth rate. The pressure of Z is given by

3 JRTa
P (x) = 2,(1) exp {5-09— (x - L)} (14)

T
However, in these equations, eqns. (3), (9), (ll1), and (14), the
total pressure is Pp(x) = Pp(x) + pBZ(X) + Py(x). The procedure
of the numerical calculation for CdS in the presence of inert gas
Z is the following.
First, the number of moles of Z, N,, can be calculated

assuming ideal gas law for Z,

PV L P (x)A
. = = e 5
Nz W J’ T dx ( 15)

Q




where Pz and T' are the pressure and temperature at the condition
of sealed-off, V is the free volume of the ampoule, and A the
cross section area of the ampoule. Assuming A is constant and 7T
= T, = constant, we can integrate eq. (15) with Pz(x) given by

eq. (14)

v
JRT_ P! =~ JRT
3 a 2z T 3 a -1
P,(1) = 5 =5 — {1 - exp[3 55— (LI . (16)
¢ T ‘,I.. T
a

"o

The gquantity A can be obtained from the profiles of the

A;Ta
temperature and volume or simply approximated as lTa/T‘. For a
given a(l), Po4(1l) and Psz(l) can be calculated from T(l) and eq.
(12) as described in 2.1. Then an initial value is given for J
which enables us to solve P,(l) from eqg. (16) by an iterative
process because Ppn = Po4(l) + Psz(l) + 2,(1) also appears in the
equation. Then pCd(O)' PSZ(O), and P,(0) are calculated by egs.

(8), (9), and (14) and the calculated value for Péd(o) p. (0)

S
2
obtained. Finally, a trial and error routine [6] is used to vary
J until the calculated value for Péd(o) Pg (0) agrees within

2
0.01l% to the experimental value given by eq. (12).

2.3 Contribution of the convective transport

In a two-dimensional enclosure shown in Fig. 2a, if there is
a positive temperature gradient such as in Fig. 2b, perpendicular
to the gravitational field which directs toward -y direction,
then thermal convection flows in the pattern as shown in Fig.
2a. The interaction bhetween this flow and A concentration

profile of %% > 0 as in Fig. 2b gives rise to a transversal




concentration gradient %% > 0 as shown in Fig. 2¢. The net flux
resulting from this gradient is the convective contribution to

. . n
the total flux and is in the order of V d 3;»(=Vinly -0

- vxn]y-l)'

Klosse et al. [7] have calculated this thermal convective
contribution to the total mass transfer in a rectangular
enclosure due to a horizontal temperature gradient. The result
is given in terms of a dimensionless quantity K which is defined

as the ratio of the mass transfer of convection to diffusiocn:

Je = (1 + K) Jp (17)

where J,. 1s the total flux and Jpy the diffusive flux given in 2.1

and 2.2. Their expression for K is
. 2 -1 |
K = [A/(Ngo Ngp)© + B] (18)

where A and B are geometrical parameters depending on the
dimension of the enclosure. The numerical values for A and B as
a function of the ratio of the dimension 1/d is given in fig. 4
of Ref. [7]. Ng. and N;,. are the Schmidt and Grashof numbers
used in the €fluid dynamics and are given by:

Vo = n/eD (19)

L 3.2 _ 2
Nop = d7g80°[T(1) T(0)1/n (20)




where n is the viscosity, p the density, g the gravitational
force, and 8 the thermal expansion coefficient. Under the

assumption of ideal gas for the transport fluid, p and 8 can be

approximated as:

p = L 2T (21)
a
= - ia—o = L—
B = o 3T T (22)

a

where M; is the molecular weight of species 1.

2.4 Estimation of n and D
The transport parameters, viscosity n and diffusion

coefficient D, for a low pressure gas mixture can be well

estimated by kinetic theory of gas [8].

2.4.1 Viscosity n

The viscosity of a one component gas phase can be calculated
by assuming a Lennard-Jones 6~12 intermolecular potential ¥(r)

hetween species
o(r) = 2 [(DH12 - (D8], (23)
LtiE p :
The two interaction parameters, ¢ and g, are respectively, the

potential well depth and the intermolecular distance at ¢ = 0.

The viscosity is then given by




N = 26.69 %‘%— (24)
[e 4
A\

where n in up , T in K, ¢ in A, and

A C E
8, = (=3 * SFBOETT * SHETT (25)

where T* = %2 and
A = 1.16145, B = 0.14874, C = 0.52487

D =0.77320, E = 2.16178, F = 2.43787.

The viscosity of gas mixtures at low pressures is given by

n i1
nm = L n (26)
i=1 . v.3
j=1 jTL3
where
1 1
(1 + (ni/nj)/2 (M./Mi)/4 1%
= < (27)

5. .
L3 (8(1 + u, /M) T2

and Ny and y; are the viscosity of pure-component i and mole

fraction of species i, respectively.

2.4.2 Diffusion coefficient D

The diffusion cocefficient for a binary gas system at low
pressure can bYe estimated by

2

3y,03/2 vy + Ms)/MAMBJl/

DAB = 1.858(10

(28)




where Dpp is in cm?/s, T in K, P in atm, and dag in A.
The simple rules for the interaction paramters,
€aB and IR’ between the vapor species A and B are often
amployed:
s = (o) (29)
+ g

g
0 g = S——

where €ar I and €qs 0y are respectively, the potential parameters

for pure component A and B3, and 25 in eg. (28) is given by

A C

Q. = + + —E - G (30)
"D T .3 exp(DTY) | exp(FT¥) = exp(HT*)

where T* = kT/eAB' A = 1.06036, B = 0.15610, C = 0.19300,
D = 0.47635, E = 1.03587, F = 1.52996, G = 1.76474, H = 3.89411.
In the presence of an inert gas, the diffusion coefficient
is approximated by substituting total pressure for P in the

denominator of =agq. (28).

3. EXPERIMENTAL

Source materials of CdS were supplied by Eagle-Picher Inc.
in the form of a mixture of small chunks and powder. The
ampoules were 16 mm OD, 3 mm wall =zhickness silica tubes. After
cleaning with distilled H,0, HF, methanol, and acetone, the
ampoules were baked out at 1140°C for 3 nrs. Then it was sealed

off under 10~2 torr vacuum or Ar prassure after CdS was loaded.




Typically, the ampoule is 14 cm long with CdS source covering
about 3 cm of its length. The ampoule was then placed inside a
four-zone transparent furnace mounted in such a way that it can
be tilted to give different configurations. Fig. 3 shows the
typical temperature profile used for the vapor transport.

Experimental condition for CdS vapor transpor: can be
divided into three categories:

(1) Ampoules were sealed off under vacuum. In order to
compare the transport rates between vertical stabilized (hot end
on the top) and horizontal configurations, all =he source
materials were transported using the same ampoule in the two
configurations.

(2) Ampoules were sealed under different ar pressures and
transport was stopped after about 2 weeks.. The ampoule was then
broken and transport rate was calculated from the amount of CdS
collected at the cold end.

(3) In an attempt to control the a(l) values of the source
materials, CdS were annealed under C3 pressure before loading
into the transported ampoules. First, CdS source materials about
6 gms and pure Cd about 5 gms from Cominco Ltd, American were
loaded into an annealing ampoule and sealed under vacuum. With
the help of 5 ¢cm wide ceramic heat barrier, a temperature profile
as shown in FTig. 4 was achieved with CdS at 880°C and C4d at
393+£3°C. The ampoule was opened after 22 hrs. anneal and CdS was

used as source material for the subsequent transport experiment.




4. RESULTS

4.1 Theoretical Calculation

The transport rate of CdS is calculated by the procedure
described in section 2. Table 1 gives the intermolecular
potential parameters used for Cd, S5, and Ar vapor species. The
values for Cd are taken from a recent determination by Su et al.
(9] using optical absorption technique and those for S are the
results of a theoretical calculation [10]. The only experimental
viscosity data available are for Ar vapor between 0 and 827°C and
the calculated values agree with them to +2.2% when the

interaction parameters in Table 1 are used in egs. (24) and (25).

4.1.1 Without the presence of an inert gas

Fig. 5 shows the growth rate for T(l) at 880°C as a function
of AT = T(l) - T(0) for various values of a(l). As the source
material approaching congreuntly sublimation, or a(l) = 2.0, the
growth rate increases rapidly. In fact, in examining the growth
rate equation, eg. (ll), we see that the growth rate is infinite
when @ = 2.0. This means that when a{l) gets within a certain
range about 2.0, the vapor transport rate is so fast that the
reaction at the solid-vapor interface becomes the rate-limited
step. The figure also shows that growth rate reaches saturation
at AT = 30°C and a larger AT does not effectively increase the
transport rate. Here we only show the results for several values
of a(l) between 0.1 and 10. The actual limits of «(l) for CdS at
880°C can be obtained from the experimental partial pressures at

the three~phase loops which are not known at present. In




principle, it can have value much higher than 10 for Cd-saturated
and much lower than 0.1 for Te-saturated condition. Fig. 6 shows
the partial pressure profiles for C4 and S, along a 10 cm ampoule
for two values of AT, 10 and 30°C for T(l) = 880°C and a(l) =
3.0. According to eqs. (6) and (7), the transport rate resulting
from Stephen flow is proportional to the partial pressure while
the contribution from diffusion is proportional to the pressure
gradient and the net transport rates for Cd and S, have to
satisfy the equality Jeg = ZJS’. As we can see from Fig. & the
diffusive flux for Cd is actually from crystal to source for a
source matarial of PCd/P32 > 2.0. Fig. 7 shows that for

fixed a(l) and AT the transport rate is almost constant Sor T(1l)
setween 800 and 1000°C. Because as T(l) increases, although
partial pressures increase, the corresponding diffusion
coefficient decreases. The contribution of convective transport

for the horizontal configuration is also calculated as described
J
LA .
in 2.3 and found to be negligible, K = =— - 1 is in the order of

g

102 or less for a 10 cm long, 1 cm diameter ampoule.

4.1.2 In the presence of Ar vapor

The effect of Ar pressure on the growth rate has heen
calculated and is shown in Fig. 8. The Ar pressure in the figure
is the value at 25°C sealed-off condition. The actual Ar
pressure inside the ampoule at 380°C is about four times
nigher. The growth rate at an Ar pressure of 0.05 atm decreases
more than “wo orders of magnitude from its value at Pag = O-

Hdowever, the differences between J for various values



of a(l) become smaller when Ar vapor is introduced. The same
kind of plot in a log-log scale is shown in Fig. 9 and Pp,. is
axtended to 30 atm. The transport rate for a horizontal
configuration, including the convective contribution, is shown as
dashed lines. This contribution is essentially negligible for
Ppp less than 1 atm. Although the transport rate reaches a
maximum at a Pp,. value about 7 atm for the horizontal
configuration, the value of X, ratio of convective to diffusive
contribution, still increases slowly as Pyy Lncreases and is
about 12 at P, = 30 atm. The sum of the partial pressures, Pq4
+ Pg, at 880°C ars 1.915 (1073) and 2.401 (1073) atm for a = 2.0

and 10.0, respectively. Tor the Py, Tange shown in Fig. 9,

Py (2 Pog + Psz + ?Ar) is much greater than P45 + PSZ. Ising the
approximation ln (1 - x) = -x when x << 1, in eg. (l1l1), we have
I =~ 2 [P (1) - P (0)] = - 222y (23, (1) = 75 ()] (30)
a a

Since D « ?T_l and the difference in P,(1) and P,(0) is almost
independent of ?y, the transport rate J a PT'l. As shown in Fig.

9, J vs Py, in a log-log plot is almost a straight line with a

slope of -1.

The calculated Groshof number, N5, for the case of AT
50°C, is also presented as a function of P,. in Fig. 9 and is

3.68 at P, = 0.1 atm and 3.25 (10°) at Py, = 30 atm.




4.2 Experimental Results

As described in Experimental, vapor transport of Cds was
performed under three different conditions:

(1) Ampoule CdS-1l was sealed off under vacuum and transport
rate was obtained from the time required to transfer all material
from hot to cold end. This was done for both vertical stabilized
and horizontal configurations. It is known that vertical
stabilized configuration produces a mode where gravity driven
convection should be at its minimum or absent. Transport rates
for both configurations were given in Table 2 and Fig. 5 and show
almost no convective contribution in this case. The amount of
CdS transported and the temperatures at hot and cold ends are
also tabulated in Table 2.

(2) Ampoules CdS-2, 4, and 5 were sealed off under Ar
pressures from 0.07 to 0.23 atm as given}in Table 2. The
transport rates were obtained from the amount of CdS transported
in a period of about 2 weeks under horizontal configuration.

They were 5-8 times slower than that of Par = 0 run. Fig. 9
shows that these data agree gquanitatively with the theoretical
results and are in the region where convective contribution is
negligible.

For the experiments in (1) and (2), nucleation started right
after the temperature profile was established and occurred at
many spots in the cold end of the ampoule. The largest crystal
is about 9.3 % 2 x 3 mm as shown in the pnicture of Fig. 10.

(3) As Jdescribed in Txperimental, we try to control

the a(l) values for the source materials by annealing T3S under




Cd pressure before loading into the transporting ampoules.
According to Gibbs phase rule, once the temperature and PCd over
the CdS source are fixed, all the thermodynamic properties of <ds

are fixed. From the vapor opressure equation for Cd:

where P is in atm and T in X, we can calculate P-4 inside the
ampoule and the a value for the source materials can bYe obtained
from eqg. (l12). In this case, CdS at 880°C and Cd at 393°C, afl)
ig 2.45. Ampoule CdS-6 was loaded with this annealed source
material and sealed under vacuum. However, there was some black
residue left at the hot end after transport completed. i{Ising
energy dispersive x-ray (EDX) spectrometer, we identified the
black residue to be essentially Si (or Si oxide since the atomic
weight of oxygen is too low for our machine to be detected) as
shown in Fig. l1. The annealing process was repeated and care
was taken to minimize the possibility of contamination. Ampoules
Cds-7 and 8 were loaded and sealed under vacuum. After transport
completed, appreciable amount of Si were found at the hot end for
hoth runs. The starting CdS and the CdS after anneal were
examined by EDX. As shown in Fig. 12, there is no Si in the
starting CdS, hbut a Si peak appears after the CdS was annealed.
The Cd used in the anneal process was also a possible source of
contamination. Therefore, the transporting set-up was used to
transport pure Cd from the hot end to the cold end. Since the

vapor pressure of Si is very low, this process is virtually a

e 4




distillation. However, some black Si residue was found after the
second distillation. Actually, small particles of silica
detached from the ampoule wall could be seen in the hot end.
Therefore, the following conclusions were reached: (1) cad
attacks the silica ampoule (2) detached Si (or sioz) can
transport inside the ampoule by some unknown mechanisms.

The annealing ampoule was graphitized by pyrolysis of
methane at 10S0°C for 80 minutes. CdsS-9 was loaded with Cds
annealed in the graphitized ampoule and transport was
performed. The black residue, although in much less amount than

ampoules CdS-6, 7, and 8, was found at the hot end after

transport completed.

5. DISCUSSION

From the theoretical calculation, the value of a(l) can
affect the growth rate tremendously as shown in Fig. 5. The
assumption of a(l) = 2.0 in the analyses of 3ulakh [12] and
Paorici et al. f13] is not justified. Ballentyne et al. [14]
heated the CdS scurce material at about 900°C in a slow flow of
Ar for 4-5 hrs. to make the material "more stoichiometric”". This
is also doubtful hecause it is not known whether the congruently
sublimation composition exists inside the homogeneity range until
the three ghase curves of the individual partial pressure are
determined. Various experiments, such as the growth rate as a
function of 1, a(l), and P,,, need different ampoules loaded with

cdS of known a{l). The annealing method used here should fulfill




this purpose if not for the contamination of Si during anneal.
The contamination of CdTe by Al and Si from quartz tube and C4d
metal used as the reservoir during the annealing of CdTe was
reported by Taguchi et al. [15]. Using secondary ion mass
spectrometry (SIMS), Morimoto et al. [16] also found impurities
of Si and Al in the remainder of the CdS source material after
part of it was transported. Russell et al. [17] associated the
incidence of voids in vapor grown C3dS crystals with the minute
particles of SiO, that originate from the walls of the ampoule.
Recently, Su et al. [18] recognized that the reaction between C4
and silica ampoule causes the adhesion of sample to the silica
wall, or "wetting", during the homogenization of HgCdTe and
consequently eliminated the "wetting" problem by adopting a
slower heating rate.

The comparison between the theoretical results and the
transpor+ rate of CdS-1 as given in Fig. 5 does not necessarily
indicate the a(l) value for the CdS-1 source material to be about
10. or 0.1. In this run we transported all the source CdS and
the a(l) value changes during the transport. The final part of
the source C4S can be very Cd-rich or S-rich and needs a long

time to transport.
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TABLE 1. Intermolecular Potential Parameters Used in the

Calculation for C3a, S5, and Ar Vapor Species.

Species a(A) c(meV)
cd 4.10 48
32 3.97 102*
ar’ 3.54 8

*Ref. [10] gave the parameter, Z, in Sutherland equation for
viscosity. Comparing it with eq. (24), we have 1 + z/T = Q.

e = 102 meV gives values of 2 agree with l + Z/T to #1.5%

between 1000 and 1200 X.

fref. C11]
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Pigure Captions

Schematic of transporting ampoule and temperature
profile.

Origin of convective mass transport (a) flow pattern of
thermal convection if there is a horizontal temperature
gradient as given by (b) and a gravitational field
directs toward -y (b) the horizontal concentration or
temperature gradient (c) the vertical concentration
gradient results from the thermal convection and the
concentration gradient in (b).

Temperature profile of the Lranspor: experiment.
Temperature porofile of the annealing experiment.
Transport rate .J, in log scale, as a func=ion

of AT = T(l) - T(0) at T(l) = 880°C, and 1 = 10 cm for
various values of a(l).

Partial pressure profiles in a 10 cm long ampoule for
T(l) = 880°C, a{l) = 3.0. Solid curves are for AT =
30°C and dashed curves for AT = 1l0°C.

Transport rate in log scale as a function of T(1l)

for AT = 30°C, 1 = 10 cm and various values of a(l).
Transport rate J, in log scale, as a function of Ar
pressure under sealed-off condition for T(l) = 880°C,

L =10 cm, AT = 50°C, and 2(1) = 3.0 and 10. «x's mark
the rate at P, = 0.

Transport rate plotted against Ar pressure in a log-log

scale for T(l) = 880°C, a{(l) = 3.0, 1L = 10 cm, diameter
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12

= 1 cm, and AT = 30, 50°C. Solid curves are the
calculated results for the vertical stabilized
configuration and dashed curves are for the horizontal
configquration. Symbols are the experimental results of
transport rate. Also shown is the calculated Grashof
number (right scale), Ngp. as a function of Ar pressure
for the case of AT = 50°C.

Picture of CdS crystals.

EDX (energy dispersive x-ray) spectrum of the black
residue left at the hot end after transport was
completed.

EDX spectra of the starting CdS and CdS after anneal.
Solid curve is the spectrum of starting CdS and circles
represent the curve for the CdS after annealing under Cd4

pressure.
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Ag POLYIMIDES CONTAINING OXYETRYLENE UNITS, III. ISOIMIDE
PRECURSORS TO SEMICRYSTALLINE POLYIMIDES

Frank W. Harris, Andrea J. Karnavas,
Charles N. Cucuras and Sajal Das
Department of Polymer Science
The University of Akron
Akron, Ohio 44325

The overall objective of this ongoing research is the
development of new thermally-stable composite resins for
various aerospace applications. Although it is highly desir-
able that these polymers be goluble in order to facilitate
processing, they must display considerable solvent-resistance
in use. A recent approach has involved the synthesis of a
new series of polyimides containing flexible linkages.] *2 The
polymers were prepared by the polymerization of aromatic
dianhydrides with diamines containing oxyethylene linkages.
For example, the polymerization of 3,3',4,4'-benzophenone-
tetracarboxylic dianhydride (BTDA, 1) with 2a-d afforded
highly crystalline polyimides that were completely insoluble’
However, a polyimide that was amorphous and soluble was
obtained from the polymerization of BTDA and an isomer of
2b, i.e., bis{2-(3-aminophenoxy)ethyl]ether (6).

The primary objective of this research was to investi-
gate the synthesis of the isoimide isomers or the insolu-
ble polyimide systems. It was postulated that these
materials would be soluble and would undergo thermally-
induced isomerizations to the corresponding polyimides.
Another objective of this work was to prepare block copoly-
imides from BTDA and diamines 2b and 6. It was hoped that a
soluble, amorphous system would be obtained that could be
annealed into an insoluble, semicrystalline state. If the
block copolymers failed to display solubility, their iso-
imide isomers were to be prepared.

RESULTS AND DISCUSSION

Polyisoimide Precursors to Semicrystalline Polyimides

The polymerization of BTDA with 2 in NMP at ambient
temperature gave the polyamic acids 3, which were treated
with dicyclohexyl carbodiimide (DCC) to afford the corre-
sponding polyisoimides (4) (Table 1). The bright-yellow
polymers were soluble in NMP, DMF, DMSO and m-cresol. Upon
heating to above 200°C, they isomerized to their imide
form (5). Further heating to near 350°C resulted in the exo-
thermic crystallization of the imide isomers. These polymers
melted between 362° and 470°C.
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TABLE 1

Polyamic Acids, Polyisoimides and nlyma.- From STDA
and Diamines 2a-d

Polyamic Acid Polyisoimide Polyimide

sanple | (n}* | sample | (n}® 4 Sampla] rér 2 | e
¥o. No. BAX No. ‘BAX
3a 0.89 4a Jo.90] 240 Sa - 470 | 485
3b 0.85 4b 0.64 | 245 5b 378 402 | 460
3c 0.91 4c  [1.30] 220 S5c | 365 | 405 | 432
3 0.35 44 0.33 238 54 340 360 400

Inherent viscosity in MMP at 30°C with a concentration of
0.5 g/dl. Polyamic acid was not isclated prior to determination.

Inherent viscosity in WMP at 30°C with a concentration of
0.5 g/dl. Polyisoimide was isolated by precipitation in
absclute ethanol prior to determination.

Temperature at which maximum in isomerization exotherm occurred
on DSC thermogram obtained in N, with a heating rate .of
20°C/min.

4. Tamperature at which maximum in crystallization exotherm
occurred on DSC thermogram obtained in N; with a heating
rate of 20°C/min.

@. Temperaturs at which minimu: in melting endotherm occurred
on DSC thermogram obtained in R, with a heating rats of
20°C/min.

Temperature at which 5% weight loss occurred on TGA thermogram
obtained in N; with a heating rate of 10°C/min.

Block Copolyimides

In an attempt to obtain a soluble, amorphous polyimide
that could be annealed into a crystalline state, block
copolymers of 2b and 6 and BTDA were prepared. Thus, BTDA
was treated with excess 6 in NMP at ambient temperature to
afford amine-terminated oligomers (7). Molar ratios of BTDA
to 6 of 1:2 and 3:4 were used. These oligomers were then
polymerized with various amounts of 2b and additional BTDA
to afford a series of block copolyamic acids (8) (Table 2).
The polyamic acids were imidized by thermal and chemical
methods to afford the corresponding polyimides (9). Thermal
imidization was apparently accompanied by some depolymeri-
zation as the viscosities of the polyimides were considerably
less than their polyamic acid precursors.
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The copolymers containing less than 20 weight X 2b were
soluble in organic solvents. However, these polymers did
not display a Tp. Although copolymers containing higher
levels of 2b displayed two T 's and a Ty, they were insolu-
ble (Table 3). As the level of 2b increased, the Ty
increased and the intensity of the Ty near 215°C decrused.
This is congistant with an increase in crystalline per-
fection in the 2b blocks.

BYDA



TABLE 2
Block Copolyimidas of Diamines 6 and 2b and BTDA
:::' . Thermal Imidization® I Chemical Imidization®
0 0

Oligomer |Polyamic | Amic Agid | Imi [Polyamic | Amic Agid | Imi,
to 2b Acid No. (n?E ("';3 Acid No. (vl)8 (n‘;a
100:0 8aT 0.88 0.26 ] 8aC 0.73 0.56
75:25" ot 0.81 0.27 | mc 0.65 -
50:50 8T 0.8+ - 8cC 0.80 -
25:7% 84T 0.67 - 84C 0.70 -
100:0 8'aT 0.76 0.36 |8'ac 0.33 0.21
75:250 8'bT 0.73 0.29 |8'sc 0.58 0.41
50:50 8'ct 0.75 - 8'cC 0.72 -
25:75 a'dr 0.71 - 8'dc 0.54 -

a. Solution of polyamic acid in NMP was heated to reflux, and the water of

imidization was removed by distillation.
added to replace distillate.
out for 3 hr.

Fresh NMP was continuously
Distillation-addition cycle vas carried

b. After the solution of polyamic acid in NMP was diluted to 6% solids
with NMP, a 2 msolar excess of an equimolar solution of pyridine and
acetic anhydride wvas added. The resulting sizture was stirred
overnight at ambient teaperature. ‘

¢. Inherent viscosity of polyamic acid in NMP at 30°C with a concentration
of 0.5 g/dl.

d. Inharent viscosity of polyimide { NMP st 30°C with a comcentration
of 0.5 g/dl.

®. 1:2 Molar ratio of BTDA to 6.

£. 3:4 Molar ratioc of BTDA to 6.

TABLE 3
Thermal Properties of Block Copolyimides
Thermal Imidization Chemical Imidization
Sample No. Ty Ta Sample No. Tq Ta
ST 159 - %C 150 -
9T 152 - 9C 148 -
ScT 159,215 | 30s ScC 152,205 | 368
8a7 162,218 | 336 84c 146 402
$'aT 150 - 9'aC 148 -
9'pT 148 - 9'pC 156 -
9'c? 152,218 | - $'cC 150,208 | 360
9'ar 160,215 | N5 ’ '4aC 150 400

Tq and Ty Yere determined using DSC with a heating rate
of 20°C/min in N,.

TGA thermograms of all the samples showed SV weight losses
near 460°C in N, with a heating rate of 10°C/min.

‘Polyisoimide Precursors to Block Copolyimides

In order to obtain soluble precursors to the semicrystal-
line, block copolyimides, their isoimide isomers were pre-
pared. Thus, an amine-terminated oligomer (10) was prepared
from a 3:4 molar ratio of BTDA to 6 and then " allowed to react
with various amounts of 2b and BTDA. The resulting polyamic
acids (1ll) were converted to the corresponding polyiscimides
by treatment with DCC (12) (Table 4). The polymers, which
were readily soluble in DMF, NMP, DMSO, and m-cresol, under-
went isomerization above 200°C to their imide form.

263

P0G v =
*@"W@**d@‘.:@w@“
‘@’;@W*@W@ldw@*@

‘oo N

O«W»O-%';OSQQE“@“W@%

TABLE 4

_€..

Block Copolyamic Acids, Copolyiscimides, and Copolyimides

Molar Polyamic Acid Polyisoimide Polyimide
Ratio o! 13 < 3 ry
Oligomer®| sample | (n} Sample| (n} Ty Sample| T,
to 2b No. No. mAX No.
100:0 1la 0.82 12a 0.83 | 250 | 13a
75:2% 11b 0.68 12b 0.58 235 13b 343
50:50 1lle 0.88 12¢ 0.92 250 l3c s
25:75 114 0.9% 129 - 258 134 372
0:100 '& 0.8% 12e 0.64 245 13e 400

Oligomer was prepared from a 3:4 molar ratio of BTDA to §.

Inherent viscosity in NMP at 30°C with a concentration of
0.5 g/dl. Polyamic acid was not isolated prior to determination.

Inherent viscosity in NMP at 30°C with a concentration of
0.5 g/dl. Polyiscimide was isolated by precipitation in
absolute ethanol prior to determination.

Temperature at which maximum in crystallization exotherm
occurred on DSC thermogram obtained in N; with a heating
rate of 20°C/min.

Temperature at which minimum in melting endotherm
occurred on DSC thermogram obtained in N3 with a heating
rate of 20°C/min.
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